the prospective isolation of purified stem cell populations has dramatically altered the field of stem cell biology, and it has been a major focus of research across tissues in different organisms. Muscle stem cells (Muscs) are now among the most intensely studied stem cell populations in mammalian systems, and the prospective isolation of these cells has allowed cellular and molecular characterizations that were not dreamed of a decade ago. In this protocol, we describe how to isolate Muscs from limb muscles of adult mice by fluorescence-activated cell sorting (Facs). We provide a detailed description of the physical and enzymatic dissociation of mononucleated cells from limb muscles, a procedure that is essential in order to maximize cell yield. We also describe a Facs-based method that is used subsequently to obtain highly pure populations of either quiescent or activated Muscs (VcaM + cD31 − cD45 − sca1 − ). the isolation process takes ~5-6 h to complete. the protocol also allows for the isolation of endothelial cells, hematopoietic cells and mesenchymal stem cells from muscle tissue.
IntroDuctIon
Skeletal muscle possesses remarkable regenerative ability owing to the resident stem cells 1, 2 . In adult animals, the primary MuSCs, also termed satellite cells, are characterized by their localization underneath the basal lamina of postmitotic myofibers and the expression of the Pax7 transcription factor 3, 4 . In the absence of muscle injury or pathology, postmitotic myofibers are extremely stable and exhibit a very low turnover rate 1 . As a result, MuSCs predominantly reside in a quiescent state under physiological conditions and therefore provide a good model system for the study of cellular quiescence and chronological stem cell aging 5, 6 . In response to muscle injury or pathological conditions that cause damage to muscle fibers, MuSCs are activated, and they give rise to progeny that undergo proliferative expansion and either differentiate into mature myofibers or return to quiescence to replenish the MuSC pool. Because MuSCs possess the ability to contribute to muscle repair and regeneration upon transplantation, there is much interest in the potential of MuSCs to treat traumatic injuries and degenerative diseases of muscle 7, 8 .
In the past few years, several laboratories have described the isolation of MuSCs from the skeletal muscles of adult mice by FACS [9] [10] [11] [12] [13] [14] [15] [16] [17] (Table 1 ). All these protocols rely on both positive and negative selection by cell surface markers, as well as physical properties of cells such as forward-and side-scatter (FSC and SSC) characteristics. No head-to-head comparisons have been performed, but the general consensus is that most of these protocols are roughly equally selective for isolation of quiescent MuSCs. However, expression of some of these surface makers, such as CD34, declines upon muscle injury and therefore cannot be used to isolate activated MuSCs and their progeny. To date, none of the protocols have presented evidence of the prospective isolation with equal efficacy and at equal purity of both quiescent and activated MuSCs (defined here as MuSCs that either have responded to tissue injury with morphological and biochemical changes before cell cycle entry or have entered the cell cycle and are actively proliferating; see also Box 1). A few mouse strains have been developed to label MuSCs by genetic expression of fluorescent reporter genes ( Table 2) , and these allow the isolation of both quiescent and activated MuSCs 10, 15, 18, 19 , but these methods are not applicable to mice that do not bear the reporter transgene.
Advantages of this protocol
This article presents a detailed protocol for the prospective isolation of MuSCs by mechanical and enzymatic dissociation followed by FACS on the basis of methods we have optimized and used in a number of publications 14, 15, [20] [21] [22] [23] . The primary advantages of the current protocol, as detailed in subsequent sections, in comparison with published protocols include the following:
Both quiescent MuSCs and their proliferating progeny can be sorted with one protocol. The preparation is optimized for a twofold to fourfold increase in the yield of MuSCs compared with previously published methods. This protocol has been validated for use in mice of different ages. We have validated, using a genetic lineage model, that the protocol not only yields highly pure (>98%) populations of myogenic cells but also that it is extremely effective in capturing virtually all of the myogenic cells in the population, and we have used this protocol to purify MuSCs from a variety of muscle groups and mouse strains, as well as from diseased muscle.
In this protocol, quiescent and activated MuSCs from adult mice are isolated according to their expression of vascular cell adhesion molecule 1 (VCAM1; also known as cluster of differentiation 106 (CD106)) on the cell surface 11 . We have performed lineagetracing studies to validate VCAM1 as a marker of MuSCs and their progeny by FACS (Supplementary Fig. 1) . Because of the specific expression of the Pax7 transcription factor in MuSCs in adult animals, MuSCs and their progeny can be genetically labeled by yellow fluorescent protein (YFP) expression in the mouse strain Pax7 CreER/+ ;ROSA26 eYFP/+ in which the expression of Cre recombinase can be induced from the Pax7 locus without 24 . To validate the suitability of VCAM1 as a marker, we injected these mice with tamoxifen at 2 months of age to induce the expression of YFP in MuSCs. We then used FACS analysis to test for YFP expression among populations of mononucleated cells typically found in adult skeletal muscle, including (and identified by the associated cell surface marker) MuSCs (VCAM1 + ), endothelial cells (CD31 + ), hematopoietic cells (CD45 + ) and mesenchymal stem cells (Sca1 + ). Our analysis revealed that all YFP-expressing cells were positive for VCAM1 expression and negative for CD31, CD45 and Sca1. Furthermore, YFP-expressing cells could be found only in VCAM1 + /CD31 − /CD45 − /Sca1 − cells before and after muscle injury in both young (3 months of age) and old (23 months of age) mice. These analyses confirmed that VCAM1 is a sensitive and highly specific FACS marker of MuSCs from both young and old animals, and that it was effective for isolating activated, proliferating MuSC progeny as for quiescent MuSCs.
We have used this protocol to successfully purify MuSCs from different types of muscles, including limb and diaphragm muscles, and from adult mice of all ages, of various strains and genetic background, and with various disease conditions 14, 15, [20] [21] [22] . The high yield and purity of MuSCs from this protocol has allowed us to perform not only classic stem cell experiments in tissue culture and upon transplantation but also biochemical and molecular analyses that often require large numbers of cells 15 . Furthermore, this protocol allows simultaneous isolation of mesenchymal stem cells (Sca1 + ), which have the potential to differentiate into fibroblasts, adipocytes and osteoblasts 12 , as well as endothelial cells from the CD31 + population and hematopoietic cells from the CD45 + population, from limb muscle. However, we have not tested the efficiency of this protocol in isolating myogenic progenitors from mice younger than 6 weeks of age.
Experimental design
The isolation protocol comprises two main parts: the mechanical and enzymatic dissociation of cells (Steps 1-25), followed by antibody staining and FACS isolation (Steps 26-44). In the procedure, we also detail how to freeze the cells for characterization assays and how to further cultivate the isolated cells (Step 45). The successful execution of this protocol requires basic knowledge of muscle biology, mouse anatomy, tissue culture and FACS.
Dissociation. Skeletal muscle is a dense tissue composed primarily of multinucleated myofibers. Efficient release of mononucleated cells from the tissue and removal of fiber debris are the most critical steps required in order to obtain a large number of pure MuSCs. In this protocol, limb muscles are subjected to a series of physical and enzymatic dissociation steps to release resident mononucleated cells. In general, we find the physical and enzymatic isolation step to be the most important in maximizing both the yield and purity of MuSCs. An important aspect to achieve the distinct separation of different cell populations during sorting is the effective removal of fiber debris. We therefore recommend that the most attention be paid to Steps 8-25 when learning this protocol or working with mice of different ages or disease models.
FACS isolation.
Cells are then immediately stained with a cocktail of antibodies to allow the discrimination of MuSCs from 
Box 1 | Defining quiescent MuSCs
The goal of sorting MuSCs from uninjured muscle is to isolate MuSCs for analysis or study while they are still in the quiescent state. This is unequivocally the case for all protocols referenced, including ours. Once isolated, the purified cells will not enter the cell cycle, as judged by BrdU incorporation, for at least 36 h. Thus, as functionally defined, the isolated cells are quiescent. Having entered the cell cycle, the MuSC progeny proceed through the cell cycle in ~12 h. Entry to the cell cycle is more rapid than entry into the very first cell cycle from the quiescent state. It is likely that there are changes that occur during the isolation procedure. Thus, the quiescent cells obtained following sorting probably differ from quiescent cells in vivo. However, we have performed detailed molecular analysis of the freshly isolated quiescent cells, and these studies suggest that the isolated cells have characteristics that would be expected of the quiescent cells in vivo and are vastly different from the proliferating progeny and even from SCs activated for 24 h in vivo after injury, before entry into the cell cycle 15 . Fig. 6 ). Therefore, although the addition of a live-dead dye such as propidium iodide (PI) helps in determining whether the cell-isolation steps are properly performed and whether the FACS gates are optimized, this additional step has only a marginal effect on the purity of the sorted population. It should be noted that the F10 medium contains a low amount of biotin, which may have an effect on staining with the biotin-conjugated VCAM1 antibody. Although we found that the F10 medium appears to promote cell viability during and after sorting, it is possible to substitute it with other types of media. The recommended concentration of the VCAM1-biotin antibody in this protocol works well with F10 medium, and may be decreased if using biotin-free medium. We also routinely isolate activated MuSCs and their myogenic progeny from a variety of mice after intramuscular BaCl 2 or cardiotoxin injections 15, 21, 22 . In our experience, the peak of myogenic proliferation in vivo occurs between day 3 and day 4 after the injection. Typically, distal (i.e., below the knees) hind limb muscles from a 3-month-old mouse yield about one million proliferating MuSC progeny 3 d after the injection of 50 µl of a 1.2% (wt/vol) BaCl 2 solution. As MuSCs activate, they increase markedly in size 22, 23 . Therefore, in order to isolate these cells by FACS, it is important to adjust the FSC-A and SSC parameters to position these cells in the center.
Characterization of purified MuSCs. MuSCs isolated by our protocol can be directly processed for molecular analysis, ex vivo culture or transplantation studies. For investigators learning this protocol, we recommend assessing the purity of the isolated population by plating a small number of cells followed by staining of myogenic markers. Plated in wash medium (WM), cells express high levels of Pax7 protein for up to 2 d in culture. Greater than 70% of cells express MyoD protein within 24 h, and all cells should express MyoD by 48 h. These progeny of MuSCs will continue to differentiate and express late myogenic markers such as myogenin and myosin heavy chain (MHC). The extent of fusion depends on the density of the cells. Cells cultured at higher density result in larger myotubes with a greater number of nuclei. Isolated MuSCs proliferate rapidly in proliferation medium (PM), and all progeny should express MyoD but not myogenin protein. If expansion is desired to obtain undifferentiated progeny of MuSCs, it is important not to grow the cells to confluence, as the cells spontaneously differentiate when confluent.
MaterIals

REAGENTS
Mice older than 2 months of age (any strains are appropriate for this protocol. We have used 129S1, BALB/c, C57BL/6, FVB, mdx and NSG mice from the Jackson Laboratory and transgenic mice of one or a mix of these backgrounds.) ! cautIon Experiments using rodents must conform to all relevant institutional and governmental regulations  crItIcal As discussed in the ANTICIPATED RESULTS, the cell yield tends to be lower in older mice. Sterilize it with a 0.22-µm filter and store it as 1-ml aliquots at −20 °C for up to 3 months. Thaw before use. The use of antibodies conjugated to these fluorochromes requires no compensation between the channels, which maximizes yield and purity. These fluorochromes can also be used in conjunction with GFP or similar fluorescent proteins without compensation. A 70-µm nozzle and threshold rate of 2,500-3,500 events per second are recommended for better yield, purity and cell survival. Higher threshold rate compromises both yield and purity. Although lower threshold rate does not affect yield or purity, it is neither time saving nor cost effective. We recommend using a flow rate lower than 3.0, as cell viability decreases with higher flow rates. ECM-coated plastic tissue culture dishes and plates Add a sufficient volume of freshly prepared ECM coating solution to cover the bottom of the vessels. Place them on the rocker at 4 °C and incubate them for a minimum of 6 h. The dishes or plates can then be stored at 4 °C for up to 1 week with the coating solution on them. On the day of use, aspirate the coating solution and seed the cells immediately.
Poly-d-lysine-and ECM-coated glass chamber slides
Coating of the two materials is performed sequentially. Incubate the glass chamber slides with freshly prepared 0.1 mg/ml poly-d-lysine solution (1:10 dilution of stock solution with sterile Milli-Q water) at room temperature (23-27 °C) for 8-24 h. Aspirate the solution and rinse the slides with sterile Milli-Q water three times. After the last wash, aspirate all traces of liquid, and let the slides dry in the tissue culture hood for 6-8 h (optional: the slides can also be sterilized by UV light while they are drying). Poly-d-lysine-coated slides can be stored at 4 °C for a few months. These slides can then be coated with freshly prepared ECM coating solution, as previously described. 
2|
Euthanize the mice by CO 2 asphyxiation followed by cervical dislocation. ! cautIon The method used to kill mice must be approved by your institution, and it must conform to all relevant ethics regulations.
3|
Spray the mouse liberally with 70% (vol/vol) ethanol, and place it on its back in the dissection area.
4|
Lift the skin around one ankle with forceps and make a small incision with scissors.
5|
Extend the incision up to the knee. Retract the skin to expose all the hind limb muscles.
6|
Collect the hind limb muscles in the Petri dish. We usually start by cutting all tendons at the ankle. Detach the tibialis anterior (TA; Fig. 2a) , extensor digitorum longus (EDL), gastrocnemius, and soleus muscles (Fig. 2b) from the tibia and fibula. Cut around the knee and transfer these muscles to the Petri dish. Insert a scalpel between the quadriceps and the femur at the joint above the knee and cut the muscles. Hold the quadriceps at the distal end with forceps, and separate it from the femur and the rest of the muscle by pulling it toward the proximal end (Fig. 2c) . Cut at the proximal end and transfer the quadriceps in the Petri dish. Detach the hamstrings and remaining muscles by carefully cutting along the femur (Fig. 2d) . Collect these muscles in the Petri dish and trim away any visible fat and tendon.  crItIcal step It is important to collect all muscles to maximize the yield of MuSCs. Avoid damaging vessels whenever possible. If bleeding occurs, absorb blood immediately with Kimwipes. Although blood-derived cells do not interfere with the remaining steps of this protocol, the presence of large amounts of blood makes it difficult to visualize the anatomy. At the end of this step, the tibia, fibula and femur should be stripped clean without any attaching muscles (Fig. 2e) .
The most prominent intermuscular fat is found between the hamstring muscles and at the proximal end of the quadriceps. Remove the fat during the dissection.
? troublesHootInG 7| Collect all muscles from the other hind limb. Triceps of the forelimbs can also be collected if the analysis is not restricted to hind limb muscles.
8|
Transfer all muscles of a mouse to a fresh Petri dish (or use the lid of the initial dish) and mince the muscles for ~10 min.  crItIcal step We recommend two ways to mince the muscles, both of which require holding one end of a piece of muscle with forceps. Then, either use scissors to cut the muscle into small pieces or use a scalpel to slice the muscle. Finish cutting all of the muscle pieces. Gather all muscles at the center of the dish and cut them with scissors for an additional 1-2 min. At the end of this step, the preparation should yield a slurry of well-minced tissue.
? troublesHootInG
Isolation of mononucleated cells • tIMInG 2.5 h 9|
Transfer the minced muscle from each mouse to an individual 50-ml conical tube with 10 ml of MDB. Muscle from two mice can be pooled into one 50-ml tube with 20 ml of MDB. We do not recommend pooling muscle from more than two mice per tube, as it often leads to insufficient digestion after Step 10.
10|
Seal the tube(s) well with Parafilm and incubate them in a 37 °C water bath with agitation (60-70 r.p.m. on the recommended model of shaking water bath) for 1 h. Tubes should be positioned horizontally along the shaking path, and they should be completely submerged in water. Use weights to keep the tubes submerged (Fig. 2) .
11|
Fill each tube to 50 ml with cold WM. Gently invert each tube a few times to mix.  crItIcal step This and the following steps should be performed in a sterile tissue culture hood if cells will be used for culture or transplantation.
? troublesHootInG 12| Centrifuge the cells in a swinging-bucket rotor at 500g for 5 min at 4 °C. Aspirate the supernatant down to ~8 ml.  crItIcal step The pellet at the bottom after centrifugation is loose and can be easily disturbed. Control the aspiration strength and always aspirate only from the surface of the supernatant. ? troublesHootInG 13| Add 1 ml of stock collagenase II solution and 1 ml of stock Dispase solution.
14|
Resuspend the pellet with a 5-ml serological pipette. Triturate 10-15 times or until the suspension travels up and down the pipette smoothly without clogging. 18| Centrifuge the tubes at 500g for 5 min at 4 °C. Aspirate the supernatant down to ~10 ml.
19|
Place a 40-µm nylon cell strainer on a fresh 50-ml conical tube.
20|
Resuspend the pellet with a 10-ml pipette. Transfer it to the cell strainer and allow it to filter by gravity.
21| Add 10 ml of WM to the original tube. Swirl to rinse, and then transfer it to the same cell strainer.
22|
Rinse the cell strainer with another 10 ml of WM. Use a 20-to 200-µl pipette to collect any remaining liquid on the underside of the strainer.  crItIcal step The strainer can be clogged by fiber debris when two mice are processed in one sample. Make sure to recover all traces of liquid from the clogged strainer before changing to a new one. Make sure to collect everything that remains associated with the outside and underside of the strainer after filtration to maximize yield. ? troublesHootInG 23| Fill each tube to 50 ml with WM. Gently invert the tubes a few times to mix.
24|
Centrifuge the tubes at 500g for 5 min at 4 °C. Remove all of the supernatant by aspiration immediately after centrifugation, as the pellet will loosen over time. Be very careful not to aspirate cells from the pellet.
25|
Resuspend the cell pellet in 600 µl of WM and count the cells. 
37|
Resuspend the cells in the sort sample in 500 µl of WM. Transfer to the strainer cap attached to a 5-ml FACS tube. Gently tap the tube on the bench to facilitate flow-through.
38|
Rinse the 2-ml tube that was used to stain the sort sample with another 500 µl of WM, and pass it through the same strainer cap. Use a 20-200-µl pipette to collect any remaining liquid in the strainer cap from the underside. Add another 1 ml of WM to the sort sample and mix it by gently vortexing.  crItIcal step It is best to move immediately to cell sorting for the highest yield and viability. ? troublesHootInG cell sorting • tIMInG 1-1.5 h per mouse 39| Set up the cell sorter in accordance with the manufacturer's specifications with the 70-µm nozzle.
40|
At the lowest flow rate, run the unstained sample to ensure that the voltages are appropriately set and that the cell population is properly positioned in the FSC-A and SSC plot and exhibits low background fluorescence in all channels (Fig. 1a,c) .
41| Run all controls to ensure that positive populations can be distinctly separated from background.
42|
Create a gate on the FSC-A and SSC plot that excludes debris. Debris from uninjured muscle is often distinct from cells on this plot, and debris from injured muscle may not be apparent (P1, Fig. 1 and supplementary Fig. 6a ).
43|
Create a gate on the FSC-W plot for intact single cells only (P2, Fig. 1 Step 45A, freezing MuSCs for RNA isolation: 10 min
Step 45B, freezing MuSCs for protein extraction: 15 min
Step 45C, preparation of MuSCs for ChIP: 30-40 min
Step 45D-F, cell culture: 30-60 min to set up 
